Abstract: Protein tyrosine nitration is a post-translational modification (PTM) that can occur in biological systems under conditions of oxidative stress. This PTM can impact protein structure and function and has been linked to diseases such as Alzheimer ' s disease, cardiomyopathy, and arthritis. In order to understand the role that 3-nitrotyrosine (3NT) plays in disease states, a better understanding at the macromolecular level is necessary. Proteomics is a powerful approach that can simultaneously measure hundreds to thousands of proteins in normal or diseased states and thus can be helpful in the analysis of 3NT-modified proteins. Recently, some attention has been focused on the development of proteomic workflows that provide enrichment, characterization, and relative quantification of 3NT-modified proteins. These approaches rely on gel electrophoresis, liquid chromatography, and mass spectrometry (MS) techniques. This review provides an overview of current proteomics approaches for 3NT-modified proteins and highlights current MS-based methods for quantification of this PTM.
Introduction
Protein nitration is a post-translational modification (PTM) that can occur under oxidative stress (Butterfield et al. accepted for publication ) . Nitration is mediated by an increased concentration of reactive oxygen and nitrogen species (ROS and RNS, respectively) such as O 2 -· , ONOO -, and NO 2 . An overabundance of cellular RNS levels can result in the formation of 3-nitrotyrosine (3NT) and 3NT-modified proteins (Lee et al. 2009b ) . Protein nitration may result in altered enzymatic activity (Ferrante et al. 1997 , Yamakura et al. 1998 , reduced cellular signaling, disruption of phosphorylation pathways (Kong et al. 1996 ) , and protein degradation (Squier 2001 ) . In addition, this PTM has been linked to various diseases such as cancer, cardiovascular disease (Peluffo and Radi 2007 ) , and arthritis ( Nemirovskiy et al. 2009 ) and neuro degenerative disorders such as Alzheimer ' s (AD) ( Butterfield et al. 2011 ) and Parkinson ' s diseases (PD) (Good et al. 1998 , Reynolds et al. 2007 .
Elevated protein nitration has been observed in the brains of AD patients and is correlated with disease hallmarks such as amyloid-β peptide levels, senile plaque deposition, and neurofibrillary tangles (composed of tau proteins) as well as with physiological symptoms such as memory loss, decreased motor and language skills, and other behavioral changes (Sultana et al. 2009 , Butterfield and Dalle -Donne 2012 ) . Furthermore, protein nitration is linked to AD disease progression and is detected in mild cognitive impairment (MCI), early AD, and advanced stages of AD , Reed et al. 2009 , Sowell and Butterfield 2010 . The primary effects of protein nitration in AD are manifested in energy metabolism. For example, glyceraldehyde-3-phosphate dehydrogenase and α -enolase, proteins involved in the glycolytic pathway, are nitrated (Castegna et al. 2003 , Butterfield et al. 2011 , leading to reduced enzymatic function (Mazzola and Sirover 2001 ) potentially limiting adenosine triphosphate production (Aksenova et al. 2002 ) . Nitration of tau proteins has been observed in MCI and may influence the early onset of AD (Sultana et al. 2009 ). Other pathways such as cytoskeletal integrity (Coleman and Flood 1987 ) , pH buffering (Sly and Hu 1995 ) , mitochondrial dysfunction (Bubber et al. 2005 ) , and lipid abnormalities (Castegna et al. 2004 ) are also affected by protein nitration in AD and indicate the importance of this PTM for disease pathogenesis (Sultana et al. 2009 ).
Neurodegenerative disorders such as PD ( Danielson et al. 2009 ), Down syndrome (Jovanovic et al. 1998 ) , Huntington ' s disease (Browne et al. 1999 ) , and amyotrophic lateral sclerosis (Abe et al. 1995 , Cookson and Shaw 1999 ) are also affected by protein nitration ( Horiguchi et al. 2003 , Butterfield et al. accepted for publication) . Similarly, elevated levels of nitration are observed in cardiomyopathy, cardiovascular disease, atherosclerosis (Leeuwenburgh et al. 1997 , Turko and Murad 2002 , Ungvari et al. 2005 , Peluffo and Radi 2007 , Upmacis 2008 , Lee et al. 2009a , Surmeli et al. 2010 , arthritis (Sandhu et al. 2003 ) , diabetes (Turko et al. 2003 ) , cancer (Azad et al. 2008 ) , and aging (Pacher et al. 2007 , Marshall et al. 2013 . It can be inferred from the range of disorders affected by this PTM that the immune system is a major target of RNS. Increased nitric oxide (NO) production by NO synthases has been suggested to be linked to tissue injury ( Zingarelli et al. 1999 ) . Evidence of oxidative damage has been observed in lymphatic vessels of aged rats (Thangaswamy et al. 2012 ) , cluster of differentiation 8 (CD8 + ) prostatic tumorinfiltrating lymphocytes (Bronte et al. 2005 ) , and T-cell receptors , ultimately weakening immune system response. Because protein nitration, specifically 3NT PTMs, is heavily implicated in disease it is worthwhile to review the state of current technology available to characterize this PTM in biological tissues. Herein, an overview of 3NT chemical properties and proteomics methods that allow the enrichment, characterization, and particularly the quantification of 3NT-modified proteins will be discussed.
The formation of 3NT occurs due to a series of chemical reactions involving ROS and RNS. Figure 1 outlines the most commonly encountered intracellular mechanism. A free radical oxidizes tyrosine to form a tyrosyl radical. The structure is stabilized by resonance moving the radical to the ortho carbon of the phenol ring (Bayden et al. 2011 ) . Simultaneously occurring, endogenous nitrogen monoxide radicals (NO · ) react with superoxide anion (O 2 -· ) to produce peroxynitrite (ONOO -), a conjugate base of the peroxynitrous acid, which has a p K a close to physiological pH 7.0 (Kissner et al. 1997 ). In the presence of carbon dioxide, ONOO -reacts to form nitrocarbonate anions (Radi 2004 ) . The nitrocarbonate anion undergoes homolytic cleavage to form a highly reactive nitrite radical, which undergoes a combination reaction with the tyrosyl radical, resulting in 3NT. Nitration has also been observed in other aromatic residues such as tryptophan and phenylalanine (Abello et al. 2009 ) through similar reaction mechanisms (Alvarez and Radi 2003 ) .
Aside from oxidative stress mechanisms, signaling pathways may rely on 3NT (Abello et al. 2009 , Radi 2013 . Evidence of protein denitration in biological tissues has been observed, suggesting that 3NT may be initiated and controlled by ROS and RNS leading to redox signaling in cellular processes (Monteiro et al. 2008 ) . Although tyrosine nitration is considered to be a stable PTM, and therefore a suitable marker for oxidative damage, there has been increasing evidence of a redox signaling pathway involving protein nitration. 3NT has been shown to interfere with kinase and phosphatase enzymes, which may have a regulatory effect on tyrosine phosphorylation pathways (Radi 2004 ). In addition, Mn superoxide dismutase has also been shown to lose function due to 3NT formation (Guo et al. 2003 , Feeney and Schoneich 2012 ) . It has also been suggested that denitration may be selective to specific substrates. This has been observed in histone H1.2 and calmodulin as specific targets for protein denitration (Rubbo and Radi 2008 ) . Further research is currently under way in order to better understand the physiological importance of a reversible nitration signaling system (Spickett and Pitt 2012 ) .
The addition of the nitro group to the tyrosine ring alters chemical properties of the amino acid. The most notable change is the decreased p K a of the phenol group from 10.1 to 7.2 (Sokolovsky et al. 1967 ) or 6.8 (Souza et al. 2008 ) . This is a result of the nitro group on the phenol ring drawing electron density, which makes the phenol proton more labile and tyrosine more acidic. The lower p K a increases the amount of deprotonated nitrotyrosine molecules relative to tyrosine, which in addition to steric effects can prevent phosphorylation events altering cellular signaling processes (Abello et al. 2009 ). Spectroscopic measurements can be used to monitor the shift in p K a . For example, under acidic conditions the phenolic group of 3NT is protonated, allowing hydrogen bonding with an oxygen atom of the nitro group, which can be observed in the 360-nm ultraviolet (UV) region. However, basic conditions that lead to deprotonation of the hydroxyl group and elimination of this hydrogen bonding shift the absorbance to 430 nm, which explains the yellow appearance of 3NT solutions (Abello et al. 2009 ). It should be noted that the color changes of 3NT can allow visual monitoring of sample preparation procedures.
Whereas this review focuses on proteomic techniques, quantification of free 3NT in biological fluids cannot be ignored due to its clinical significance. A review covering quantification of free 3NT in plasma, urine, and other biological matrices with emphasis on mass spectrometry (MS) methods has been recently reported (Tsikas 2012 ) . It is noteworthy to highlight that intake of dietary nitrate may affect both urinary and blood plasma concentrations and contribute to measured 3NT levels in these biological matrices. Dietary nitrate can be converted to nitrite in saliva, which under the acidic conditions of the stomach can be converted to RNS such as 3NT (Pannala et al. 2003 ) . To date, experimental evidence has shown no significant elevations of free or protein-bound 3NT in biological fluids (Oldreive et al. 2001 , Pannala et al. 2003 .
A traditional method of measuring 3NT levels is to use acid hydrolysis to release 3NT bound to proteins. The free 3NT generated can then be analyzed with gas chromatography using thermal energy analyzers (TEAs) (Ohshima et al. 1990 , Petruzzelli et al. 1997 or electron capture detectors (ECDs) (Pavlovic et al. 2009 ). TEAs have limited selectivity and sensitivity (Duncan 2003 ) , and the use of fluorine-containing compounds enhances ECD sensitivity, making them more attractive. High-performance liquid chromatography is a popular separation technique to measure free 3NT because of its versatile coupling to a wide variety of detectors (Tsikas and Caidahl 2005 ) such as UV-visible (Vis) Halliwell 1994 , Sucu et al. 2003 ) and fluorescence detectors (Sharov et al. 2008 , Dremina et al. 2011 . Electrochemical detection of proteinbound 3NT (Sugiura et al. 2004 ) and free 3NT (Kaur et al. 1998 , Halejcia -Delophont et al. 2001 , Ryberg and Caidahl 2007 , Nuriel et al. 2008 ) is 100 × more sensitive than UV-Vis or fluorescence detection (Nuriel et al. 2008 ) . Detection limits of 3 attomole [limit of quantification (LOQ) 0.6 pm] of 3NT have been reported with MS (Tsikas 2012 ) . Tandem MS (MS/MS) can also be applied directly to protein mixtures or free 3NT mixtures resulting from protein hydrolysis (Frost et al. 2000 ) .
Proteomics
Better insight into the effects of 3NT can be realized through the analysis of 3NT-modified proteins. Proteomics, the large-scale study of the protein complement of a species genome (Blackstock and Weir 1999 ) , can be used to monitor thousands of proteins, including PTMs simultaneously. Proteomic analysis can be performed using top-down (Armirotti and Damonte 2010 ) or bottom-up methods (Han et al. 2008 , Yates et al. 2009 ), which focus on the direct measurement of intact proteins or peptides, respectively. Advancements in analytical instrumentation have made it possible to gain substantial information about a species proteome, including the development of specialized approaches for the detection of low-abundance PTMs (Yates et al. 2009 ). This review focuses on current bottom-up proteomic technologies for tyrosine nitration, which are classified under redox proteomics techniques that focus on oxidative modifications. Briefly, redox proteomic technologies allow for the detection of oxidized thiols (Casagrande et al. 2002 ) , carbonylation (Uchida and Stadtman 1993 ) , lipid peroxidation (Adibhatla and Hatcher 2010 ), and nitration among others. We refer the reader to several detailed reviews on redox proteo mics (Dalle -Donne et al. 2006 , Butterfield and Dalle -Donne 2012 ).
Enrichment
In vivo nitration of tyrosine residues are such that only five nitrated sites are detected per 10,000 tyrosines in inflammation conditions (Radi 2004 ) . Because 3NT is a low-abundance PTM, issues with ion suppression and false-positive identification arise (Ryberg and Caidahl 2007 , Li et al. 2011 ) . A conservative set of guidelines has been proposed to increase confidence in the identification of 3NT-modified proteins as follows: accurate peptide charge state and mass, detection of the 3NT immonium ion fragment peak (m/z 181.1), validation of 3NT peptide chromatographic retention (in comparison to unmodified peptide), and limitation of unassigned fragment peaks ) which can be adopted by any laboratory. In the context of biological tissues it can be challenging to identify 3NT-modified proteins, which has led to the development of enrichment strategies (Dekker et al. 2012 ) . The earliest enrichment approaches included the use of an insoluble-antibody column specific to nitrated proteins (Helman and Givol 1971 ) and immunoprecipitation (Zhan and Desiderio 2006 ) . Generally, enrichment of 3NT-modified proteins can be performed through the use of antibodies (e.g., anti-3NT) or alternatives such as chemical tags that target the nitro group.
Chemical tags rely on increasing the reactivity of 3NT through reduction reactions that generate 3-aminotyrosine (3AT) at the peptide level. This can be achieved with reducing reagents such as sodium dithionite and dithiothreitol (DTT) in the presence of heme as shown in Figure 2 . A chemical tagging approach targeting 3AT offers the advantage of being gel free and antibody free. The significant p K a difference between the aromatic amine ( ∼ 4.7) and other primary amines on a peptide chain ( ∼ 8 -10) allow for selective addition of chemical tags to 3AT. A plethora of these tags have been applied targeting 3AT including biotin/avidin interactions (Nikov et al. 2003 , Nuriel et al. 2008 , Abello et al. 2010 , nickel affinity chromatography (Lee et al. 2009b ), sulfhydryl enrichment , and fluorinated carbon tags (Kim et al. 2011 ). Signature fragment ions that locate the site of 3NT modification can be generated with the use of dansyl chloride tags on the 3AT residue (Amoresano et al. 2007 ). Fluorogenic derivatization of 3AT peptides with 1-[4(aminomethyl)-phenylsulfonyl]pyrrolidine-3,4-diol allows enrichment with boronate affinity chromatography and quantification with fluorescence spectroscopy (Dremina et al. 2011 ) . We refer the reader to a summary of enrichment protocols for 3NT enrichment methods for further information on this subject (Dekker et al. 2012 ).
An alternative enrichment method for 3NT-modified proteins, which is based on diagonal chromatographic separations, was recently reported (Brown and Hartley 1966 , Ghesquiere et al. 2009 ). Combined fractional diagonal chromatography (COFRADIC) is a technique that recognizes the differences in hydrophilicity of 3NT-and 3AT-modified peptides in reversed-phase chromatography. Peptide samples are subject to a one-dimensional (1D) reversed-phase separation in which several offline fractions are collected. Each fraction is subsequently reduced so that the 3NT residues are converted to 3AT residues. Direct liquid chromatography (LC) analysis of the 3AT peptide samples results in a shift in retention time due to the hydrophilic nature of the peptides relative to the original LC analysis of the 3NT peptides. COFRADIC is designed to be a targeted analysis of 3NT modifications by focusing only on peptides that shift in retention time.
As this is not a direct enrichment method, it does provide a straightforward means of identifying nitrated proteins in complex mixtures. A major observation from the application of COFRADIC to Jurkat cell lines was the detection of sulfated 3NT residues that arise due to a side reaction that occurs with the use of sodium dithionite during the reduction step. Thus, database search parameters should include sulfation as an additional dynamic modification of nitrated tyrosine residues.
Quantitative proteomics Antibodies and gel electrophoresis-based methods
Enzyme-linked immunosorbent assay (ELISA) is a traditional method to quantify nitrated proteins using anti-3NT antibodies (Oldreive et al. 2001 ) . ELISA assays have been applied to quantitate 3NT in human plasma (Khan et al. 1998 , Wayenberg et al. 2009 ), brain of traumatic injury patients (Bayir et al. 2007 ) , plasma from diabetic patients (Ceriello et al. 2001 ) , and plasma from smokers with chronic obstructive pulmonary disease (Jin et al. 2011 ). Quantitation of protein-bound 3NT has also been reported using ELISA analysis of human serum plasma (Weber et al. 2012 ) and can achieve a detection limit of 20 nmol/l (Qu et al. 2003 ) . A challenge of ELISA quantification occurs due to the limited availability of highly specific antibodies (Pan et al. 2009 ), potentially resulting in underestimation of nitration levels. Additionally, the nature (e.g., monoclonal, polyclonal) and source (e.g., vendor) of the antibody and location of the 3NT modification can influence the recognition of 3NT-modified proteins (Duncan 2003 ) .
Limitations with antibodies are not specific to 3NT or 3NT-based ELISA methods as will be discussed below. Redox proteomics approaches for high-throughput 3NT detection were initiated through gel electrophoresisbased measurements (Righetti et al. 2008 ) . Figure 3 gives an overview of the gel-based approach. 2D gel electrophoresis separations are based on a first-dimension separation in which proteins migrate through the gel according to relative mobility (and hence MW) and a second-dimension separation based on migration to the protein isoelectric point. For comparative analyses, individual 2D gels are prepared for control and experimental samples. Detection of protein spots can be achieved with fluorescence (Van den Bergh and Arckens 2004 ), chemiluminescence (Liu et al. 2009 ), or colorimetric assays such as Coomassie blue and silver staining (Patton 2002 ) . At this stage, only information about the total protein abundance is obtained.
For targeted analysis of 3NT-modified proteins, the proteins in the gel are transferred to a nitrocellulose or PVDF membrane such that the 2D blot can be probed with an anti-3NT antibody (Viera et al. 1999 ) and scanned with an image reader. In this Western analysis, only protein bands that contain 3NT should appear on the blot and be indicative of the relative concentration of the 3NT-modified protein. Normalization is used to compare the 3NT signal from the blot to the total protein signal on the 2D gel prior to comparisons between the control and the experimental samples. The Western blot image serves to locate the nitrated proteins and provide quantification; however, it does not provide identification of the protein spot. Thus, the Western blot and 2D gel must be aligned, and the protein spots of interest are excised, digested, and analyzed with MS. Examples of the application of this gel-based Western analysis include studies of undernourished rats (Franco Mdo et al. 2004 ) , nitration levels of manganese superoxide dismutase in liver (Guo et al. 2003 ) , and cystic fibrosis in lungs (Morrissey et al. 2002 ) .
Gel-based approaches are very attractive because they are robust, allow detection of up to thousands of protein spots, and can be targeted for specific PTMs such as 3NT. However, there are some challenges with this approach, which require further development. For example, sample preparation steps that incorporate DTT can cause reduction of 3NT-modified proteins (to 3AT) in the presence of heme found in many biological samples (Soderling et al. 2007 ). This contributes to underestimation of nitrated protein levels. Site-specific information about the location of the 3NT modification can only be obtained through MS detection of the excised spot (Duncan 2003 ) ; however, MS analysis of peptides often miss the nitrated peptides. In addition, protein solubility of 3NT-modified proteins in gel-based buffers may not be complete, providing limited abundance or no abundance information (Duncan 2003 , Bigelow and Qian 2008 ) . Finally, antibody specificity as noted above and high background signals from antibodies in the blots can mask low-level nitrated proteins (Wisastra et al. 2011 ).
Label-free methods
Label-free methods of quantification in proteomics, as implied, do not use chemical tagging of the nitro group. Quantification is achieved through protein abundance index (Zhu et al. 2010 ) , MS/MS spectral counts (Liu et al. 2004 ) , or extracted ion intensity (based on peak heights or areas) (Smith et al. 2002 , Bantscheff et al. 2007 ) after LC-MS/MS analyses as shown in Figure 3 . These methods are advantageous because they are simple, inexpensive, and require minimal sample preparation in comparison to chemical tagging approaches. Additionally, it is possible to analyze an unlimited number of samples with labelfree methods. However, with each additional sample the overall throughput of the approach is lessened, thus making multiplexing approaches attractive.
The native reference peptide method is capable of quantifying 3NT by comparing the peak area of nitrated peptides to a selected peptide present in the mixture (Willard et al. 2003 ) . Ideal characteristics concerning the choice of the reference peptide have been previously described (Ruse et al. 2002 ) . Briefly, the peptide must be inherent in the digest mixture, contain no potentially modifiable residues, have high digestion efficiency, and have similar chromatographic retention times and detector responses to the 3NT peptide of interest. Overall these characteristics result in an internal peptide standard that is inherent in the original digest. Native reference peptides selected from in vitro nitrated albumin resulted in a 10% relative standard deviation and femtomole detection limit of nitrated peptides (Ruse et al. 2002 ) .
Stable isotope dilution, which relies on spiking known concentrations of heavy isotope 3NT into a hydrolyzed protein sample (i.e., a mixture of free amino acids), can provide absolute quantitative information. Selected ion monitoring of heavy isotope peaks, using a triple quadrupole MS, allow detection limits of 3NT as low as 5 pg in reported nitration studies of human urine (Chen and Chiu 2008 ) . Although this method gives insight to the global levels of 3NT in the mixture it lacks site-and protein-specific detail, which is important for complete characterization of 3NT-modified proteins.
Nitrated peptides upon gas-phase fragmentation result in a peak at m/z 181.1, which is the immonium ion of nitrotyrosine (Danielson et al. 2009 ). Selected (SRM) or multiple reaction monitoring (MRM) allows selective detection of fragments from nitrated peptides by scanning the Q3 of a triple quadrupole MS in a collision-induced dissociation experiment. Peak areas from the signature fragments are compared to that from reference peptides and are indicative of the relative concentrations of the 3NT-modified peptides and hence proteins. Using MRM, levels of 3NT-modified peptides from α -synuclein have been characterized in PD (Danielson et al. 2009 ). SRM analyses have also revealed 11 3NT sites in human hemoglobin obtained from cigarette smokers, suggesting that in vivo ONOO -levels are higher in smokers (Chen and Chen 2012 ) .
Precursor labeling
Complementary or alternative MS-based methods to gel-based approaches have been developed in the past two decades and are attractive due to multiplexing capabilities (Aebersold and Mann 2003 ) . As described in Figure 3 , sample multiplexing with bottom-up proteomics methods can be achieved with precursor or isobaric tags at the MS (Xie et al. 2011 ) and MS/MS spectral levels. Recent detailed reviews covering MS-based quantitative proteomic methods have been presented (Bantscheff et al. 2012 , Wasinger et al. 2013 . Using enzymes such as trypsin, 3NT-modified proteins can be digested to create a mixture of peptides (e.g., modified and unmodified). Primary amine groups found in lysine, N-termini, or 3AT residues can be manipulated to incorporate chemical groups using acetylation (Riggs et al. 2005 ) or dimethylation (Boersema et al. 2008 ) that can contain stable isotopes (e.g., 2 H and 13 C atoms) (Bantscheff et al. 2007 ). Dependent on the nature of the chemical tag and heavy isotope incorporation, a total of two to three samples can be pooled and simultaneously measured in the LC-MS/MS experiment. As illustrated in Figure 3 , the peptide peaks from light and heavy labeled samples elute from the LC column simultaneously and are detected in the mass spectrometer. This assumes that electrospray ionization of the peptides is similar and will not influence the final signal measured. Therefore the peaks are shifted in mass by the number of heavy isotopes incorporated into the tag, and the intensities or areas of the peptide peaks can be used for relative quantification.
Due to the reactivity of both primary amine groups in peptides and reduced 3NT to 3AT groups, it becomes necessary to block the amines of the N-termini and lysine residues on peptides in order to track the location of 3AT. Generally, precursor labeling uses the following major steps to make quantitative tagging selective for 3NT sites: 1) digest proteins to peptides, 2) block primary amines with acetyl (or other) groups, 3) reduce 3NT to 3AT, and 4) derivatize 3AT with a light or heavy isotope chemical tag. Figure 4 A highlights the incorporation of a light or heavy (e.g., 2 H 3 ) 1-(6-methylnicotinoyloxy) succinimide reagent to 3AT residues (Tsumoto et al. 2010 ) . The structure of this reagent contains a pyridine ring with a methyl group in the para position that has hydrogen atoms that can be exchanged for deuterium. A mass shift of 3 Da would result for every peptide containing a 3NT modification. Additionally, because peptides are capped with either a light or a heavy acetyl group at step 2, a global shift of 3 Da per acetyl group is observed for all peptides, and an additional 3 Da is observed per 3NT modification. Interestingly, the use of this nicotinoyloxy-based reagent results in higher ionization efficiencies for peptides generated with matrix-assisted laser desorption ionization and prevents photodecomposition with the laser (Tsumoto et al. 2010 , Feeney and Schoneich 2013 ) .
Derivatization of 3AT can also be performed using light or heavy (-2 H 5 ) phenylisothiocyanate depicted in Figure 4 B (van Haandel et al. 2008 ) . The structure of the tag contains heavy atoms that are incorporated in the phenyl ring, generating a mass shift of 5 Da and a reactive thiocyanate group to selectively target 3AT. Interestingly, the mechanism involves an intermolecular cyclization between the sulfur atom of thiourea and the hydroxyl group of tyrosine, which is the first reported transformation in aqueous media using photocatalysis. Due to the addition of deuterium atoms, the hydrophilic shift that can occur due to kinetic isotope effects (Zhang and Regnier 2002 ) was evaluated and its effects are negligible. For quantification purposes, this tag demonstrates precursor quantification capabilities and the potential use of signature fragments (m/z 116 and 121 for light and heavy tags, respectively) in SRM or MRM experiments. The presence of the signature fragment peaks also confirms 3NT-modification sites as the fragments are unique to the phenylisothiocyanate tag.
Isobaric tagging
A secondary approach to multiplexing techniques is the use of commercially available isobaric tags as shown in Figure 3 . The most commonly used isobaric tags are tandem mass tags (TMTs) (Thompson et al. 2003 ) and the isobaric tag for relative and absolute quantification (iTRAQ) (Ross et al. 2004 O were created such that the overall mass of the tags is similar; however, upon gas-phase fragmentation specific low-m/z reporter ions (e.g., 126 -131 for TMT) are generated. The reporter ion signals can be related to the relative abundances of the peptides from which they were cleaved. Because relative quantification occurs in MS/MS spectra, the increased complexity of precursor MS scans are avoided. A description on the advantages and disadvantages of isobaric tagging methods is provided ( Christoforou and Lilley 2012 ) . In addition, improvements to instrumental analysis to obtained accurate ratio reporting using isobaric tags is presented (Ting et al. 2011 , Wenger et al. 2011 . These methods should be included for future quantitation experiments using isobaric tags including the analysis of 3NT-modified proteins.
Few reports of isobaric tagging applications for 3NT modifications are reported. Quantification of nitrated peptides with isobaric tags was first demonstrated by Chiappetta et al. (2009) using mixtures of nitrated bovine serum albumin (BSA) and bovine milk proteins. After acetylation, 3AT BSA peptides were tagged with iTRAQ reagents and analyzed with precursor ion scanning using a triple quadrupole MS. The presence of iTRAQ fragment immonium ions at m/z 292.1 proved advantageous for confirming modification sites of low-abundance nitrated peptides. Additionally, this approach does not require time-consuming sample fractionation steps and provided accurate reporter ion quantification. Robinson and Evans (2012) recently reported a novel quantitative approach termed combined precursor isotopic labeling and isobaric tagging (cPILOT). This method demonstrates the ability to selectively quantitate nitrated peptides and expands the quantification capacity of isobaric tags to either 12 or 16 for TMT and iTRAQ, respectively. An overview of the approach is shown in Figure 5 . Similar to the approaches described above, acetylation is used to block primary amine groups using light or heavy (-2 H 3 ) N -acetoxysuccinimide reagents. Light or heavy labeled peptide mixtures can then be independently derivatized with TMT (or iTRAQ) reagents. The presented workflow offers a one-pot reaction scheme prior to pooling, which minimizes sample loss due to a single clean-up step prior to LC-MS/MS analysis.
Thus far, using BSA the cPILOT approach has demonstrated that a total of 12 samples can be multiplexed in a single analysis using TMT tags (Robinson and Evans 2012 ) . Furthermore, the presence of reporter ions serves as a rapid indicator of nitrated peptides. The reaction chemistry works similarly for iTRAQ tags and thus presents a universal approach in which various precursor and isobaric tagging reagents can be used. Whereas this is an early proof-of-principle demonstration of the cPILOT approach, there were noted limitations with quantification that have been reported by others using isobaric tags as previously mentioned above (Ting et al. 2011 , Wenger et al. 2011 . Specifically, at the precursor level if there is overlap during the isolation of individual peaks (i.e., light and heavy labeled peptides), then the reporter ion signals observed in the MS/MS spectra may be inaccurate. Confirmation of precursor ion overlap was presented using iTRAQ reagents for light (m/z 113 and 115) and heavy (m/z 117 and 118) nitrated peptides, in which signals from all four reporter ions were observed in the light MS/MS spectra. Current efforts in our laboratory have been focused on improving the quantitative accuracy of the cPILOT approach. To directly address the issue of precursor ion overlap, acetyl reagents that generate higher mass shifts in the precursor MS spectra have been employed as shown in Figure 6 . In this example, nitrated BSA peptides after acetylation have a mass shift of 5 Da between light and heavy ( 13 C 2 and 2 H 3 ) precursor peaks. Due to the enhanced spacing, there should be no overlap in MS ion selection between light and heavy precursors. Improvements in quantification are observed using this approach. For example, the light and heavy MS/MS spectra generated for the doubly charged peptide (acetyl)NY(NH-TMT 6 )-QEAK(acetyl) show a 1.0:4.5 and 3.7:1.0 reporter ion ratio for m/z 130:131, respectively. Due to the accuracy of the ratios (which should be 1:4 and 4:1 for light and heavy, respectively), this demonstrates the applicability of increasing precursor mass shifts for reducing ion overlap while yet improving quantification. Also, the use of Lys C protease as opposed to trypsin results in all lysine terminated peptides ensuring at least two sites of acetylation (and thus a mass shift of 10 Da). We are continuing to improve upon cPILOT for identifying and quantifying nitrated peptides in our laboratory.
Conclusions and future outlook
Obtaining quantitative information for 3NT allows a better understanding of the role this PTM plays in biological systems. 3NT has been linked to neurodegenerative disorders, cancer, and cardiovascular disease and has been shown to impact protein function and potentially redox cellular signaling pathways. With the advent of proteomics for PTM investigation, there have been a number of reports focusing on qualitative information of 3NT-modified proteins obtained through targeted analyses or enrichment methods. There are fewer reports that address quantification of 3NT-modified proteins in complex mixtures. Perhaps this is partially attributable to the low abundance of this PTM in biological samples, which leads to a need for highly selective and sensitive analytical techniques. As a result, enrichment approaches, which rely on antibodies or other chemical tagging strategies, must continue to be developed to allow targeted analyses of nitrated proteins in complex biological samples. A number of these methods currently exist; however, limitations in antibody selection including nonspecific binding have prevented their widespread ability to identify large numbers of nitrated proteins. Gel-based redox proteomics methods offer targeted identification and relative quantification of nitrated proteins using 2D Western analysis, but also have similar issues that arise from antibody use such as high background signals and nonspecific binding of nonnitrated proteins. Furthermore, peptide loss during excision and digestion processes often limits the MS detection of nitrated peptides, preventing 3NT site-specific information. Currently, however, most of the approaches available have yet to provide large-scale identification and quantification of nitrated proteins in biological samples because a large percentage of total peptides detected in these experiments contain no site of nitration. This is notably a result of the challenges associated with the low abundance of this modification, sample loss during lengthy derivatization steps using chemical tags, and the complexity of samples of interest. Guidelines that help to strengthen the confidence in identification of nitrated peptides and proteins from MS data should also be adapted by many of these groups. Due to the importance of 3NT in numerous diseases, this research area will continue to be of great interest such that improved proteomics methods are desirable. 
